Compound 1 crystallizes in the non-centrosymmetric, monoclinic space group C2 with three similar, crystallographically independent, cationic coordination polymer strands in the unit cell, which essentially differ only in the conformations of the 4,4'-bipyridyl ligands. Consistent with the similarity of the local coordination environments of the three independent Cd atoms in the structure, 113 Cd MAS NMR spectroscopy reveals a single resonance line at 89 ppm.
Introduction
Coordination polymers have attracted increasing attention since the early 1990s. This interest is largely due to their fascinating structures and potential applications in such fields as ion exchange, gas storage, separation, polymerization, heterogeneous catalysis, luminescence, non-linear optics and magnetism [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . 4,4'-Bipyridine (4,4'-bipy) is a prototypical exo-bidentate, rigid linear bridging ligand and has been widely used in crystal engineering of coordination polymers [12] . It has not only played a crucial role in the advancement of coordination polymers [13] but also in the development of discrete (0D) metallosupramolecular compounds [14] . Scheme 1 depicts the most common topological motifs in 1D and 2D coordination polymers containing 4,4'-bipy as bridging ligand. 3D coordination networks propagated exclusively by 4,4'-bipy (e.g., diamondoid or 4 2 × 8 2 networks) are relatively few in number in comparison with 1D and 2D coordination polymers formed by this ligand [12] . Like its lighter group homologue Zn 2+ [15] , Cd 2+ is particularly suited to the synthesis of coordination polymers owing to the lability that is associated with the spherical d 10 electronic configuration. A search of the Cambridge Structural Database (CSD) [16] via the WebCSD interface [17] in June 2011 yielded about 250 structures containing Cd 2+ bound to the 4,4'-bipy ligand. If we exclude the potentially structure-determining influence of non-solvent organic molecules [18, 19] other than 4,4'-bipy, the number of coordination polymers decreases to about a dozen. These include (4,4) square grid (Scheme 1(d)) [20] [21] [22] [23] [24] and 'T-shape' [20] 2D coordination networks, as well as linear chain (Scheme 1(a)) [19, 20, 25, 26] and molecular antenna [19, 21] 1D coordination polymers. The term molecular antenna commonly refers to a 1D coordination polymer with the underlying topology of the linear chain (Scheme 1(a)) bearing two additional, terminally monodentate-bound 4,4'-bipy ligands at each metal node [19, 21, [27] [28] [29] [30] [31] [32] [33] [34] . Historically, Robson and co-workers were the first to report (4, 4) square grids with the composition [{Cd(μ-4,4'-bipy) 2 (1) . Compound 1 was studied by single-crystal and powder X-ray diffraction (PXRD) methods, 113 Cd and 13 C solid-state NMR, as well as infrared (IR)
spectroscopy. In addition, bulk material of solvent-free 4,4'-bipy and its dihydrate were subjected to 13 C solid-state NMR investigations.
Results and Discussion

Synthesis
Colorless crystals of compound 1 (Figure 1 ), suitable for single-crystal X-ray diffraction, were initially obtained when 4,4'-bipy and a semimolar amount of cadium perchlorate were allowed to react in an ethanol/water mixture at room temperature. Single-crystal X-ray analysis revealed a 1D coordination polymer of the molecular antenna type, as illustrated in Scheme 2. The positive charge of the cationic coordination polymer is balanced by two perchlorate ions per formula unit, and two non-coordinating 4,4'-bipy guest molecules are incorporated. A product with the same unit cell dimensions was also obtained from a mixture containing equimolar amounts of reactants. Amounts of 1 suitable for PXRD analysis and solid-state NMR investigations were obtained from a mixture with a 1:4 molar ratio (see Section 3.2). Since 1 was isolated from 1:1, 1:2 and 1:4 molar mixtures of cadmium perchlorate and 4,4'-bipy, it appears that the molecular antenna is a preferred product under various reaction conditions. Using aqueous ethanol containing significantly less water than used in this study, Huang and Xiong obtained the same molecular antenna cationic species [19] without guest 4,4'-bipy molecules in the crystal. Biradha et al. noted that the presence of excess 4,4'-bipy in transition metal coordination polymer synthesis resulted in the formation of molecular antennas [12] , though this is not necessarily the case [23] . Besides the two non-coordinating guest 4,4'-bipy molecules, compound 1 also contains non-coordinating guest water molecules. Elemental analysis of the bulk material indicates 4.5 H 2 O per formula unit, whereas 3.73 H 2 O per formula unit were estimated by free refinement of the occupancies of some of the water sites during the crystal structure determination (see Section 3.3). Loss of water and/or an imperfect structural model for the severely disordered solvent regions in the crystal of 1 are possible explanations for the discrepancy. It is interesting to note that 4.5 H 2 O per formula unit were also reported on the basis of elemental analysis for the nitrate derivative [21] of 1, the coordination polymer framework of which is isostructural to that of 1 (see Section 2.2). PXRD analysis of polycrystalline bulk material indicates that the framework structure of the single-crystal of 1 investigated is representative of the bulk material ( Figure 1 ). According to 13 C solid-state NMR spectroscopy, there is no solvent ethanol in the structure (see Section 2.3). Most bands in the IR spectrum can be ascribed to vibrations of 4,4'-bipy. The band centered at 621 cm −1 is tentatively assigned to the in-plane ring deformation of the pyridyl groups. This band is observed at 604 cm −1 for free pyridine and is characteristically shifted to higher frequencies upon metal coordination [39] . In compound 1, this band is expected to represent an overlap arising from coordinating and non-coordinating pyridyl groups. The strong and weak bands at respectively 1,090 and 932 cm −1 are characteristic for non-coordinating perchlorate ions [40] . The two broad and weak bands centered at 3,526 and 3,118 cm −1 are assigned to the OH stretching vibrations of water. The structure of 1 contains three crystallographically independent coordination polymer strands, labeled A, B and C in Figure 3 . Figure 4 shows the packing of polymeric chains in the monoclinic C-centered unit cell, viewed along the direction of propagation (i.e., the b axis direction). Chains A and C run along distinct crystallographic twofold rotation axes parallel to the b axis direction, and are related to one another by a pseudo translation. This additional symmetry is, however, not fulfilled by the perchlorate anions and guest molecules and is thus regarded as pseudo symmetry. Interestingly, the coordination polymer framework of 1 appears to be isostructural to that of the nitrate derivative, [{Cd(μ-4,4'-bipy)(4,4'-bipy) 2 [21] . This structure has been described with the same space group symmetry and with a and b lattice parameters similar to those of the monoclinic unit cell of 1. The c lattice parameter of YEKQUA is, however, half of that of 1. As a result, YEKQUA is a Z' = 0.5 + 0.5 structure (vide infra), as it contains two crystallographically independent polymer strands running along two distinct twofold rotation axes. In this connection, a similar unit cell and space group symmetry was found for a molecular antenna assembled from cobalt(II) nitrate and 4,4'-bipy [27] . Figure 5 shows the coordination environment of the three crystallographically unique Cd 2+ ions in 1, with selected bond lengths and angles given in Table 1 . Cd1 occupies a general position, whereas Cd2 and Cd3 lie on two distinct crystallographic twofold rotation axes. The Cd coordination spheres can be described as octahedral. The bond lengths and angles about Cd1, Cd2 and Cd3 are essentially comparable, but close inspection reveals subtle differences ( Table 1 ). The pyridyl rings adopt a more or less propeller-like configuration about each Cd 2+ ion, and the 4,4'-bipy ligands exhibit the energetically preferred twisted conformation [42] . We suggest that a Z' = 2 value is appropriate for the crystal structure of 1. The parameter Z' conventionally denotes the number of formula units in the asymmetric unit [43] . This implies that Z' crucially depends on the definition of the formula unit. The problem becomes particularly apparent when polymeric structures are described [44] . As discussed in Section 2.2, the repeat unit of the three chemically identical but crystallographically distinct polymeric chains in 1 is best described by the chemical formula [Cd(μ-4,4'-bipy)(4,4'-bipy) 2 
Description of the Crystal Structure
. The asymmetric unit of 1 contains one entire and two independent halves of the formula unit, resulting in Z' = 1 + 0.5 + 0.5. Structures such as 1 illustrate the inability of the Z' parameter to adequately describe all aspects of the crystal packing where Z' > 1 [45] . Possible reasons for the formation of Z' > 1 structures, e.g., packing difficulties and pseudo symmetry, have been discussed in the literature [45, 46] . Considering that twisted biphenyl derivatives are prone to form such structures [45] , the occurrence of three crystallographically distinct polymeric chains in 1 is not particularly surprising. It is perhaps worth noting that both free 4,4'-bipy [47] and its dihydrate [48] crystallize with two independent, twisted molecules in the asymmetric unit.
113 Cd and 13 C Solid-State NMR Spectroscopy
A solid-state 113 Cd NMR analysis of 1 was undertaken in order to gain more insight into the differences in the local environments of the three crystallographically distinct Cd atoms in the crystal structure, shown in Figure 5 . Interestingly, the 113 Cd MAS NMR spectra, recorded with and without cross-polarization, show a single line at 89 ppm (fwhh: ca. 620 Hz), with weak side bands at medium spinning rates ( Figure 6 ). Clearly, the resolution is insufficient to resolve the independent Cd atoms in the crystal, consistent with the similarity of the local environments of the three independent Cd atoms in the structure. The lack of strong spinning side bands suggests that the anisotropy of the chemical shift is small. Reducing the spinning rate to 3 kHz (Figure 6(c) ) resulted in the appearance of intense spinning side bands. The spectrum recorded without spinning shows that the span caused by chemical shift anisotropy in 1 is only about 100 ppm, which is surprisingly small, especially since the coordination sphere of Cd contains four nitrogen and two oxygen atoms. Lipton et al., for example, observed multiple side bands for N 6 coordination environments, due to a three times larger anisotropy [49] . The chemical shift for 1 lies in the region expected for octahedral coordination complexes with oxygen or nitrogen ligands coordinated to the metal [50] . a)
The solid-state 13 C NMR spectrum of 1 is shown in Figure 7 (a). As expected, the spectrum exhibits three groups of lines, which are assigned according to Osborne [51] (solution NMR) and Braga et al. [52] (solid-state NMR). The spectrum of 4,4'-bipy in 1 is well-resolved, in stark contrast to that obtained for co-crystals containing 4,4'-bipy [52] , pure solid anhydrous 4,4'-bipy (Figure 7(b) ) and 4,4'-bipy dihydrate (Figure 7(c) ). The ill-resolved lines observed for pure solid anhydrous 4,4'-bipy and 4,4'-bipy dihydrate cannot be due to the formation of amorphous phases, since samples from the same batches were shown to be crystalline by independent PXRD and single-crystal diffraction investigations. It is noteworthy that the aliphatic region of the spectrum shows no signal that could be attributed to ethanol guest molecules, ruling out the presence of ethanol in the disordered regions of the crystal (see Sections 2.1 and 3.1). Although actual assignment of the fine structure in the 
Experimental Section
General
All starting materials were obtained from commercial sources and used as received. Ethanol was of reagent grade. The IR spectrum was recorded in the range of 4,000-600 cm −1 on a Bruker Tensor 27
FT-IR spectrometer by using ATR technique. Elemental analysis was carried out at Mikroanalytisches Laboratorium KOLBE in Mülheim an der Ruhr, Germany. Caution: perchlorate salts are potentially explosive and should be handled with great care.
Preparation of 1
Cd(ClO 4 ) 2 ⋅ 6 H 2 O (105 mg, 0.25 mmol) was dissolved in deionized water (20 mL) and carefully layered with a solution of 4,4'-bipy ⋅ 2 H 2 O (192 mg, 1.00 mmol) in 10 mL of ethanol. After standing at room temperature for ca. four weeks, while the solvent was allowed to evaporate slowly, colorless crystalline material of 1 was collected and dried on a filter paper. Yield: 128 mg (0.11 mmol, 55% based on 4,4'-bipy ⋅ 2 H 2 O). Anal. calcd. for C 50 
Single-Crystal X-Ray Analysis
A crystal was mounted on a MiTeGen cryo loop using perfluoropolyether Fomblin YR-1800 (Alfa Aesar) and placed in the nitrogen cold-gas stream of the diffractometer. The intensity data were measured on a Bruker AXS Proteum X8 diffractometer equipped with a FR591 rotating anode and focusing multilayer optics, using ω and φ scans. The PROTEUM2 software was used to control the diffractometer [53] . The raw frame data were integrated with the program SAINT [54] . Scaling and an absorption correction were carried out by Gaussian integration using SADABS [55] . The crystal structure was solved ab initio by charge flipping using SUPERFLIP [56] . The electron density map so obtained was interpreted with EDMA [57] . The structural model was completed by difference Fourier syntheses and refined by full-matrix least-squares refinement on F 2 with SHELXL-97 [58] . The crystal of 1 studied appeared to be a racemic twin. Refinement of the twin components converged at 0.501 (5):0.499 (5) . Anisotropic displacement parameters were introduced for all non-hydrogen atoms with the exception of some solvent water molecules (vide infra). Two of the perchlorate anions each show orientational disorder over two positions. Split models were introduced for both disordered groups and refined with standard similar distance restraints. The highest difference electron density peak is located ca. 0.94 Å from Cd1. Carbon-bound hydrogen atoms were placed at geometrically calculated positions and refined with the appropriate riding model. The water hydrogen atoms were located via difference Fourier syntheses and refined with the O-H distances restrained to a target value of 0.84(2) Å. All hydrogen atoms were refined with U iso (H) = 1.2U eq (C,O). Six water sites are statistically occupied; the site occupancy factors were refined freely. Three of these six water sites were refined with isotropic atomic displacement parameters for the oxygen atoms. The hydrogen atoms of the six statistically occupied water sites could not be located in the final difference map, and where not included in the refinement. Calculated intermolecular O⋅⋅⋅O distances indicate that not all of the disordered perchlorate anion and water sites can be occupied simultaneously. The ADDSYM routine of PLATON [59] detects additional translational symmetry in the coordination polymer framework, which is in fact pseudo symmetry (see Section 2.2). Crystal data and refinement details are given in Table 2 . CCDC 836453 contains the supplementary crystallographic data for this paper, including structure factors. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
Powder X-Ray Diffraction
The PXRD data for bulk material of compound 1 were collected at room temperature in Debye-Scherrer geometry on a Stoe Stadi P system with a linear position sensitive detector and a focused Cu-K α1 (λ = 1.54060 Å) incident beam from a curved Ge(111) monochromator. The capillary sample (inner diameter = 0.5 mm) was rotated during the measurement. The WinXPOW software was used to operate the diffractometer [60] . The theoretical PXRD pattern of 1 was calculated from the single-crystal data with Mercury 2.4 [61] .
Solid-State NMR Spectroscopy
The solid-state NMR spectra were recorded on a Bruker Avance 500WB spectrometer using a double-bearing standard MAS probe (DVT BL4) at resonance frequencies of 110.9 MHz and 125.8 MHz for 113 Cd and 13 C, respectively. Polycrystalline samples (ca. 100 mg), containing naturally abundant 113 Cd and 13 C, were placed in a zirconia rotor. The experimental conditions for the 113 Cd and 13 C CP MAS NMR spectra were as follows: up to 10 kHz spinning rate, 8 s recycle delay, between 2,000 and 20,000 scans, 4 ms contact time, and 4.3 μs 1 H π/2 pulse. Longer recycle delays were used for recording the 13 C CP/MAS NMR spectra of anhydrous 4,4'-bipy and 4,4'-bipy dihydrate. The 113 Cd MAS NMR spectra were measured using single π/3-pulses (3 μs) with a recycle delay of 30 s (2,000-8,000 scans). High-power proton decoupling (cw) was applied for all spectra. The chemical shift was referenced to 1 M aqueous solution of Cd(ClO 4 ) 2 and neat TMS in separate rotors for 113 Cd and 13 C, respectively.
Conclusions
We have obtained a 1D coordination polymer with a molecular antenna structure by layering a solution of 4,4'-bipy in ethanol onto an aqueous solution of cadmium perchlorate.The compound (1) has been structurally characterized by X-ray diffraction methods, solid-state NMR and IR spectroscopy. Several observations are relevant in the context of crystal engineering: (a) the bulk material was shown to be homogeneous, with no measurable crystalline impurities; (b) the same compound was isolated from various molar ratios of cadmium perchlorate and 4,4'-bipy, indicating that the molecular antenna is a preferred product; (c) there was no incorporation of ethanol in the sample, although it was present in the reaction solution; (d) the aqua ligands in the coordination polymer only make O-H···N hydrogen bonds to the uncoordinated N atoms of coordinated 4,4'-bipy ligands in neighboring strands, even though unbound, guest 4,4'-bipy molecules are clearly available for hydrogen bonding.
According to the single crystal and PXRD studies on the bulk material, 1 crystallizes exclusively in a unit cell containing three distinct strands. 113 Cd MAS NMR spectra recorded with and without cross-polarization exhibit a single line, showing that the individual lines are not resolved because the local environments are very similar. The difference between the three strands can be attributed to the conformations adopted by the 4,4'-bipy ligands. We observed an increased resolution in the solid-state 13 C NMR spectrum of 1 as compared to the spectra of pure crystalline 4,4'-bipy and 4,4'-bipy dihdrate. This phenomenon deserves further investigation.
